Purpose of Review Stem cells have been proposed as sources for tissue replacement when healing does not occur. These cells could contribute directly to skin structures via differentiation, or via producing trophic factors that would 'educate' the microenvironment to encourage tissue repair. Studies in animals have supported both mechanisms, but translation to humans has been challenged by poor cell survival after transplantation. However, the improvement noted with even transient existence suggests another new possibility, that of suppressing the inflammatory response that limits regenerative healing. Herein, we will propose that this immunomodulatory aspect holds promise for promoting skin healing. Recent Findings We have found that stem cell transplantation into wounds can dampen both acute and chronic inflammation, leading to more regenerative-like healing and diminished scarring. Summary Wound healing could be improved by dampening inflammation both initially to allow for tissue replacement to proceed and late to reduce scarring.
Introduction
Wound healing is at its simplest the replacement of damaged tissue. Repaired tissues approximate many of the functions of pre-wounded tissue, but can possess some degree of functional deficit or scarring in adults; defectiveness is often related to the severity of the injury. For instance, superficial first-degree wounds and even small third-degree wounds are repaired with minimal or no noticeable defects. However, for larger and more extensive wounds, the replacement tissue is functionally limited by significant scarring [1] . Impaired healing is exacerbated by comorbidities, such as metabolic syndromes, and nerve (neuropathy) and vascular diseases. Even advanced age can compromise healing to the degree that it may never occur due to a stalled wound response [2] .
Non-healing wounds often lack responsive parenchymal cells (mainly, keratinocytes, fibroblasts, and endothelial cells) that constitute most of the mature tissue; in these situations, stem cells have been proposed as precursors to, or stimulators of cellular replacement [3] . In animal models, resident and transplanted stem cells appear to contribute to the skin wound healing by differentiating into the parenchymal subtypes. However, the situation in humans is more nuanced and complex, despite the presence of tissue-resident stem cells in many human organs [4] . Stem cells and primary cells show limited survival when engrafted onto human wounds. The cell lifespan can be extended by embedding cells in engineered skin substitutes (ESS). This appears to provide sufficient time to enable replacement by endogenous cells and tissue (such as in burns). However, in the absence of replacement by endogenous cells (such as chronic wounds), the eventual failure of the cells to survive in the ESS is limiting.
Interestingly, the one area that has been relatively understudied in stem cell contributions to skin wound healing This article is part of the Topical Collection on Wound Healing and Tissue Repair is the one aspect for which stem cells are routinely used clinically (albeit in different clinical indications), that of dampening inflammation. In both excessive scarring and deficient wound closure, one notes a continued innate inflammatory response that further aggravates the tissue. Additionally, both acute and chronic inflammation impede wound healing; a chronic inflammatory milieu will drive hypertrophic scarring and suboptimal repair despite closure. Eliminating or suppressing microbial overgrowth does not revert this nonhealing towards successful closure until the inflammation is also eliminated. Herein, we propose that this aspect of stem cell function warrants trials for treating non-healing wounds.
Wound Healing Viewed Through Inflammation
Normal wound healing proceeds through phases that involve inflammatory milieus. In the immediate aftermath of excisional skin wound healing, the platelet plug not only provides for hemostasis, but also traps cells of the innate immune response (polymorphonuclear cells, macrophages, and lymphocytes including CD3+ T cells) [5•] . Furthermore, the degranulated platelets are reported to secrete up to 300 bioactive molecules from intracellular granules [6] ; these soluble factors contain numerous inflammatory cytokines and chemokines that attract additional innate cells and promote inflammation. The teleological purpose for this level of inflammation is to destroy invading microbes. Microbial invasion through the disrupted external epithelial barrier unmet by a strong inflammatory response may develop into sepsis to the detriment or death of the individual. Thus, the initial actions must ensure a relatively sterile wound bed for subsequent phases of tissue replacement.
Fortunately, in the absence of ongoing infection, initial inflammation is dampened through the course of normal wound healing by the in-migrating fibroblasts, endothelial angiogenesis, and M2 (pro-reparative) macrophages to collectively suppress inflammation in the wound bed [7, 8] . The emerging inflammation suppressive network also harnesses the resident T regulatory cells to limit the CD3 + T cells and reduce proapoptotic cytokine release. The phenotypic switch in macrophages with a depletion of the initial inflammatory load of matrix debris and cells of the innate immune system creates a pro-synthesis environment in which newly recruited fibroblasts produce provisional extracellular matrix proteins (i.e., immature collagens III/IV, fibronectin, tenascins).
A maturing tissue then proceeds to produce signals that limit the production of matrix and prunes the over-exuberant neo-angiogenesis of the repair and proliferation phase. This occurs mainly, but not solely, through the expression of CXCR3 ligands from maturing endothelial cells and redifferentiated keratinocytes [9] . While this signaling axis, and others including angiopoietin-2, largely revert the wound bed to its pre-existing quiescent state, the response is incomplete and some of the excess, but disorganized matrix that was formed in the earlier stages persists [10] .
Inflammation: Stalling Healing or Inducing Scarring
Inflammation remains a key protective event in wound healing in the post-natal period. However, fetal healing is relatively devoid of inflammation and healing is regenerative and 'scarless' rather than the reparative healing noted in adult tissue [1, 11] . Of course, the sterile fetal environment does not necessitate a robust inflammatory defense against microbes for survival in case of injury. This difference between fetal and post-natal healing highlights that there is a downside to the acute inflammation.
The main downside of this rapid inflammatory response is the production of proteases (mainly by neutrophils and M1 macrophages) that generate matrix fragments, particularly collagen fibrils that drive innate infiltration in a feed-forward fashion. Thus, proteases hamper a functional provisional matrix from supporting fibroblast migration and neo-vessels, all while churning out pro-inflammatory peptides to fuel the pathological inflammatory process. In most circumstances, the acute inflammation runs its course and is suppressed for healing, but a number of perturbations allow for this inflammatory milieu to persist. These include not just infection, but simply extensive colonization with microbes that further activate cells of the innate immune system. Further, situations in which endogenous parenchymal cells (fibroblasts and endothelial cells, and their precursors) are deficient or defective also prevent the suppression of this inflammation; advanced aged and metabolic syndromes are the two most common situations undergirding these pathologies.
On the other hand, even if the acute inflammation is curtailed and wound closure occurs, chronic inflammation can also perturb wound healing. Hypertrophic scarring appears to represent a sterile chronic inflammatory situation [9] . The failure to end the tissue replacement phase of healing means a persistent matrix turnover that generates the chemotactic fragments that further recruit macrophages and naïve lymphocytes to the tissue, though at lower densities than that which is noted in the early inflammatory stage of healing. These cells reinforce the matrix immaturity, which in turn maintains the fibroblasts in the synthetic state. Thus, the result is not breakdown of the matrix and tissue, but rather excessive deposition of relatively immature matrix.
It must be noted that the inflammation is regulated by a plethora of cytokines and chemokines released into the wound bed during the process of healing. A few of the major ones are highlighted in Fig. 1 . These include both pro-inflammatory molecules such as IL-8 (CXCL8), but also those that may serve dual roles. For instance, MCP-1 (CCL2) recruits leukocytes to the wound, while at the same time driving macrophages to a more suppressive M2 phenotype. The chemokine ligands for CXCR3, with IP-10 (CXCL10) at the forefront as a chemoattractant for leukocytes, also serve as stop signals to in-migration of the formed cells. As much has been reviewed elsewhere on the cytokine milieu in wounds [28, 29] , these specifics serve only as an entry to such studies. (Fig. 1) .
Stem Cells Augment Healing by Dampening Inflammation
The key to more regenerative healing may instead be modulating inherent inflammation to minimize detrimental effects. Global suppression of inflammation has been tried, but does not aid in wound healing [30] . Moreover, genetic ablation of myeloid-derived neutrophils and macrophages in mice resulted in impaired angiogenesis and myofibroblast differentiation, delaying wound contraction during the inflammatory phase [31] . However, this failure may have been caused by the approaches not accounting for the changing nature of the inflammatory response throughout healing. As noted above, the inflammation progresses from one of acute M1 macrophagedominated microbicidal events, to an M2 macrophageregulated suppressive milieu late in healing. Eliminating specific cell classes in a spatiotemporal fashion will disrupt this continuum. For instance, diphtheria toxin-induced ablation of macrophages did not significantly alter tissue or scar formation in mice during late healing [31] , and PU.1 null mice deficient in neutrophils are reported to heal comparably with macrophage bearing mice, but exhibit scarless healing [32] . Therefore, we posit that inflammation needs to diminish in a manner responsive to the changing situation of the healing wound.
This could be accomplished by timing sequential interventions, but this would work only in small wounds where the bed is essentially synchronized. However, in large and complex wounds, disparate areas of the wound reside in different stages of progression. Thus, the intervention needs to be tailored locally and not globally (or systemically). This would be best accomplished by bio-responsive interventions.
Stem cells fit the bill as both immunosuppressive and responsive to their local environment. Under different conditions, the mesenchymal stem cells/multipotent stromal cells (MSCs) produce distinct patterns of cytokines [33, 34] . In situations of negligible oxygen and nutrient starvation, such as before neo-vessel sprouting, the stem cells express factors that promote angiogenesis by attracting the endothelial cells Fig. 1 Key inflammation modulating signals during wound healing [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (and macrophages) and providing for matrix turnover [35, 36, 37•] . One of the main proangiogenic factors secreted by MSC is VEGF-A, a key player regulating endothelial cell health and function during neovascularization (tissue replacement phase) [38] . VEGF-A also can act as an immunosuppressive agent by inhibiting dendritic cell maturation and function via its downregulation of NF-κB on hematopoietic progenitor cells [39] , while also increasing the indoleamine 2,3-dioxygenase (IDO) secretion from dendritic cells subsequently suppressing lymphocyte proliferation [40] . MSCs are also immunosuppressive, secreting IL-10 but with little TNFα produced [41•] . As oxygen tension increases and the wound enters the tissue replacement phase, the inflammatory cytokines IL-1b, IL-6, and IL-15 increase. MSCs secretion of IL-6 is particularly important as this has been shown to directly suppress monocyte differentiation into dendritic cells, while also inhibiting the proliferation of CD4+ T cells [42] . MSC IL-6 secretion also resulted in higher levels of IL-10 secretion through either autocrine processes or through interaction with dendritic cells [43, 44] . Increases in fibrogenic growth factors TGF-beta and basic FGF [34] also occur, allowing for recruitment of pericytes to prune and connect vascular conduits [45] , while promoting the transition from collagen III to collagen-I rich matrix. Interestingly, collagen I fibrils are suppressive to cell migration and cell proliferation, so this would drive the wounds towards maturation, and paradoxically could lead to lower levels of immune infiltration. This is what is seen late in wound healing, with a reduction in CD3+ lymphocytes in the face of MSC transplanted into acute wounds [5•] .
The presence of MSC through the resolution phase of wound healing also serves to dampen the chronic inflammatory response and suppress hypertrophic scarring [9, 10] . In fact, transplantation of MSC can be dominant in a genetically engineered model of scarring in mice. In the absence of CXCR3 signaling, the wound undergoes a chronic inflammatory phase starting months after initial wound closure, leading to a hypertrophic scar. Introduction of MSC early on while the wound is open reduces the mononuclear cell load (both monocytes/macrophages and lymphocytes) resulting in near regenerative healing. The signals from the MSC are still being defined, but the matrix is matured and that is thought to be the key educating aspect of the wound bed. In addition, MSC have been shown to modulate the extracellular matrix microenvironment around them by binding and activating exogenous proMMP-2 and proMMP-13, or secreting high levels of soluble TIMP-2 to inhibit activity of high perivascular activities of MMP-2 and MMP-9 [46, 47] . In both scenarios, added ECM modulation through direct interaction or indirect interaction via a controlled inflammatory response is key to achieving proper wound resolution.
MSC Survival in the Wound Bed
As MSC transplantation improves healing, the question is how to achieve this clinically. Most all of the impact of MSC appears to occur by modulating the wound bed, rather than contributing to tissue as 'building blocks.' This is assumed as the improvement is noted even in xenografts into immune-competent mice [5•, 48•] . In many other studies, it is quite difficult to note transplanted cells after as short as 3 days; researchers have documented the lack of MSC survival in a variety of tissues including the heart [49] , brain [50] , and kidney [51] . With results showing only a 5% survival rate within a two-week period post-myocardial infarction (MI) treatment [49] , or a 1% cell survival rate 1 hour after injection into an ischemic kidney model [51] . Even when using an immunodeficient mouse model, Toma et al. reported having less than 0.44% survival of MSCs 4 days post-MI [52] . We feel that it is for this reason many studies fail to show improvement of healing.
We posit that true wound improvement necessitates the MSC being present during all three stages of repair-initial inflammation, tissue replacement, and resolution. These stages take over 2 weeks at the minimum with resolution stretching for months. Thus, MSC must be reintroduced repeatedly or provided with a survival advantage. Multiple applications are unlikely to be either practical or effective as cell death and the signals that are presented upon death initiate innate inflammation, and thus would work counter to the beneficial immunosuppressive effects.
Signaling of the epidermal growth factor receptor (EGFR) tyrosine kinase from the cell membrane promotes cell survival without driving proliferation [53, 54] . This provides for a mechanism to prolong the presence of nonautologous MSC in order to suppress inflammation and 'educate' the wound bed in para-and matricrine fashion. This can be accomplished by covalently tethering EGF to a substratum [54] or matrix [55] . However, as the tight binding of EGF to its receptor leads to tonic signaling, titering the density of tethered ligands would be a challenge as the different cells in the wound bed present highly varied levels of EGFR. Rather, a low affinity, high avidity ligand would be preferential. Such a situation is presented physiologically by the EGF-like repeats of Tenascin C [56] and Laminin V [57] . Tenascin C is present during organogenesis and the tissue replacement phase of wound healing (and perversely at the invasive fronts of aggressive tumors) [58] . These are times and regions in which cells are migrating but also confronted by stressors and death signals. These repeats, ultra-low affinity ligands for EGFR, can confer survival advantages to a variety of cells including MSC [54, 55] . Incorporation of Tenascin C with MSC in the wound bed leads to improved healing over either component alone [5•, 48•] .
Conclusion
Aberrant wound repair, leading to either chronic ulceration or scarring, presents multiple derangements. However, chief among these is dysregulation of inflammation. Suppression of such augmented innate immunity, either in level or persistence, should aid in more regenerative repair and healing. MSC can provide such a boost, even if eventually cleared from the wound bed as non-autologous. MSC function as plastic and responsive immune suppressive signalers that also direct the resident cells to produce matrix appropriate to the stage of wound healing. However, for the MSC to function, they must survive during the stages of wound repair; this requires survival signaling to counter death cytokines and other stressors. The EGF-like repeats of the matricellular proteins tenascin C and laminin V can be used in such a manner. The combination of MSC in a pro-reparative hydrogel containing these survival signals provides for a novel approach promoting near regenerative healing.
